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Characterizing Interfacial Roughness by Light Scattering
Ellipsometry
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The polarization of light scattered by oxide films thermally grown on photolithographically-generated microrough silicon
surfaces was measured as functions of scattering angle. Using the predictions of first-order vector perturbation theory for
scattering from interfacial roughness to interpret the results, the roughness of each interface and the correlation function
between the two interfaces can be determined. The results show the spatial frequency dependence of the SiO,/Si interface
smoothening. The impact of these results on the inspection of silicon wafers with dielectric filmsis discussed.

1. INTRODUCTION

Interfacial roughness is a concern to a variety of is-
sues in the development of ultra-large scale integrated
devices. For example, roughness of a SiO./Si interface
at a gate oxide affects dielectric breakdown and the
transport properties of carriers in the silicon.* The scat-
tering of light by interfacial roughness often limits the
sensitivity of optically-based defect inspection tools.”
Roughness also contributes to uncertainties in the me-
trology of film thickness and line widths. Despite the
importance of roughness in the performance of dielec-
tric films and coatings, in situ measurement of the mor-
phology of each of the two interfaces of a film has been
difficult. X-ray and neutron scattering measurements
can be used to determine roughness parameters, but the
analyses require extensive modeling, with the results
being model dependent.®> Spectroscopic ellipsometry
is often used to determine interfacial roughness, but is
limited to extracting an effective interfacial width.®™®
Atomic force microscopy (AFM) is capable of meas
uring only the exposed interface of a material, requiring
that buried interfaces be initially exposed.®™*

Recent work has demonstrated that the polarization
of scattered light contains information that alows the
source of scattering, be it surface roughness, subsurface
defects, or particulate contamination, to be identi-
fied."™® In particular, it was found that the polarization
of light scattered by a single rough interface does not
lead to depolarization. This finding lead to the devel-
opment of microroughness-blind instrumentation, en-
hancing the sensitivity of light scatter tools to defects
and particles in the presence of a background domi-
nated by roughness. Improvements in sensitivity to
small defects of afactor of approximately two in feature

diameter were shown to be possible with such tech-
niques.’®

When light scattering tools are used to detect small
features in dielectric films, the background signal origi-
nates from roughness of two interfaces. In order to de-
velop roughness-blind instrumentation for such materi-
als, the sources of light scattering from rough dielectric
layers must be understood.

In this article, measurements of the intensity and
polarization of light elastically scattered from rough
dielectric layers are reported. These measurements
demonstrate that ellipsometry, a commonly used tech-
nique for measuring film thickness, can be extended to
the scattering regime, yielding film roughness and
cross-correlation statistics. The only parameters re-
quired for the analysis are the optical constants of the
substrate and film and the thickness of the film, which
can be extracted from data obtained in the specular
condition. Therefore, light scattering ellipsometry en-
ables a complete non-contact, non-destructive charac-
terization of the roughness of both interfaces.

2. THEORY

It is widely known that the intensity of light elasti-
cally scattered by a bare surface in the smooth surface
limit is proportional to the power spectral density (PSD)
function, [Z(q)[?, of the surface height z(x,y).'” When the
only source of scattering is variation of the height of the
surface, when those surface height variations are small
compared to the wavelength of the light, and when the
surface slopes are much less than unity, first-order
vector perturbation theory predicts that the differential
Stokes-vector power scattered into a specific direction,
defined by polar angle 8, and azimuthal (out-of-plane)
angle ¢, , is given by*®*°
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where @ is the incident polar angle, Z(q) is the two-
dimensiona Fourier transform of z(x,y), P; is the inci-
dent Stokes-vector power, dQ is the differentia solid
angle of collection, and Q = Q(6;, 6,, ¢;) isaMueller
matrix, which depends upon the optical constants of the
surrounding media and converges to the sample reflec-
tance matrix when 6; = 6, and ¢, = 0 (the specular
condition). The Fourier transform is evaluated at a sur-
face wavevector ¢, whose components are determined
by the Bragg condition:
g, =k(sin@. cosg -sing) 5

g, =ksing sing 2
where k = 217A. Egs. (1) and (2) are used to extract sur-
face roughness from angle-resolved scattering data over
the entire electromagnetic spectrum.

The first-order vector perturbation theory has been
extended to allow for multiple interfaces.”®?* The ex-
tended theory predicts a dependence of the scattering on
the PSDs of each interface and the degree of phase cor-
relation between the interfaces. Measurements have
been performed on optical multilayers demonstrating
application of the theory in the limits of high or low
correlation.?®? These studies have primarily relied on
the presence or absence of interference features in the
angular distribution of intensity that exist due to the
interference of the fields scattered from each interface
and only exist for opticaly thick films or multilayers.
Angle-resolved light scattering at three different wave-
lengths has been employed to characterize a single di-
electric layer, but it was found that not enough infor-
mation is available to extract the roughness of each
interface and the cross-correl ation statistics.?

For example, measurements testing the consistency
of the polarization with the matrix Q can be used to
validate the use of Egs. (1) and (2).**™* The vector
perturbation theory for light scattering from a rough
dielectric film predicts a polarization dependence to the
light scattering, which, like the amplitude, depends
upon the roughness of each interface and the correlation
between the interfaces. Calculations for the polarization
of light scattered by the interfaces of a dielectric film
have been performed for optical multilayers, and these
results have been compared to experimental data in
specific limits.?” The author, however, knows of no case
where the roughness parameters have been extracted
from experimental data.

The scattering from the i-th interface can be calcu-
lated using first-order vector perturbation theory,?
yielding a scattered electric field A; Z;, where A isa
complex (Jones) vector, and Z; isthe Fourier transform
of the surface height function, evaluated at the surface

vector g given by Eq. (2). The vector A ; depends upon
the film thickness, the optical constants of the film and
substrate, the wavelength, the incident polarization, and
the scattering geometry. The Stokes vector power P ¢
describing the net scattering from both interfaces is then
given by

P =S(AZ, +ALZ,), ©)

where S(X) is the Stokes vector representation of the
Jones vector X. If welet Z, = xyZ;, and assume
C = [Oy/|x|Disred, then Eq. (3) can be written as

P, ={(1-C)[S(A) +S( x| A,)] +
CS(A+I XA Z P

Eq. (4) indicates that the ratio of the magnitudes of
the interfacial roughness, | x|, and the degree of phase
correlation between the interfaces, C, determine the
polarization state of the scattered light. As long as no
degeneracies exist, the measurable polarization can be
inverted to yield these parameters.

3. EXPERIMENT

The samples used in this study consisted of two mi-
crofabricated silicon wafers, each having a pseudoran-
dom distribution of two diameters of circular shallow
pits (nominal diameters of 1.31um and 1.76 pm,
depths of 8 nm, and density of 8x10* mm™). Oxide
layers were thermally grown on each of these wafers
with thicknesses of 10.3 nm and 52 nm, respectively, as
determined by specular ellipsometry. The roughnesses
of the two interfaces on each sample are expected to be
coherent and identical, at least for small q. A previous
study showed that the polarization of light scattered by
similar samples before growth of the oxide layers was
consistent with scattering from microroughness.*™*

Light of wavelength A (633 nm, 532 nm, 442 nm, or
325 nm) was incident onto each sample at an angle of
6; (45°, 60°, or 68°). Light scattered into a solid angle
dQ (1.39x10* s or 2.87x107° sr) defined by a polar
angle of 8, (= 6;) and azimuthal angle @, is analyzed
as a function of @,. The incident light is linearly-
polarized at an angle given by n; =14 + @, /2, with
respect to s-polarization. The out-of-plane geometry
with n; = 12 (p-polarized) has been shown to maxi-
mize the differentiation between different scattering
mechanisms at ¢, = m/2.****By employing 17, = /4
for ¢, = 0, n; =34 for ¢, = 1, and continuously
varying between these limits, we improve the differen-
tiation for a wider range of @, . The polarization of the
scattered light is measured by rotating a quarter-wave
retarder, followed by a linear polarizer, in front of the
detector. A detailed description of the instrument can be
found elsewhere.”®
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4, RESULTS Fig. 1. Figure 2 showsy|| andC extracted from the fits
for both samples using measurements taken with
532 nm and?; = 8, = 45°, 60°, and 68. The 90 %
confidence limit uncertainties in both extracted pa-
rameters are approximately 0.04, or the point-to-point
fluctuations in the data, whichever is larger. Fits ob-
tained with measurements at 325 nm, 442 nm, and
633 nm are consistent with those shown in Fig. 2. The
agreement between the different wavelengths and inci-
dent angles suggests that the analysis is valid.

For both the 10.3 nm and the 52 nm oxide samples,
the two interfaces appear to be highly correlatee ()
OIand, for small periodicitiesqy2rt< 0.5pm™), the two
OIsurfaces have equal amplitudesy|(|~ 1). As previ-
ously mentioned, the oxidation process should be uni-
equal roughness | = 1,C = 1), uncorrelated but equal , 1y o1 Jong length scales. The 10.3 nm oxide sample
roughness Y| = 1,C = 0), bottom interface roughness gpqs this high degree of conformity for all the peri-

(lim [ x| - o), and top interface roughnessy(F 0).  odicities probed. On the other hand, the 52 nm oxide

Only for the case of uncorrelated roughness is any deyows a noticeable deviation of|l > 1, indicating ei-

polarization predicted. While the data follow the corre-,o, roughening of the top interface or smoothening of

lated and equal roughness model for small angles<(  the puried interface. This mismatched amplitude does

10°), they deviate significantly for higher angles. not follow any features in the degree of correlation be-

The parameterg, Pc, andP are fit to Eq. (4), let- tween the two surfaces.

ting | x| andC be adjustable parameters, constrained to  Once the parameterg| and C are extracted from

be in the ranges (@) and €1, 1), respectively. The the polarization data, Eq. (4) allows the intensity of the

resulting fits follow very close to the data shown inscattered light to be immediately converted to the PSD
(IZi P) of each interface. Figure 3 shows the resulting
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Figure 1 shows a representative measurement of

polarization parameters as functions of @. The polari-
zations are represented by the principal angle that the
polarization ellipse makes with respect to s polarization,
n, the degree of circular polarization, Pc, and the de-
gree of polarization, P. It is straightforward to show
that these parameters fully describe the polarization and
map onto the usual Stokes parameters. The uncertain-
tiesin the data are dominated by statistical sources and
are thus similar to the point-to-point variation observ-
ablein the data.

Curves (a)—(d) shown in Fig. 1 show the predicte
behavior for the four limiting cases of correlated an
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FIG. 1 Polarization of scattered light [(top) Pc and P, and
(bottom) 771 measured for the 52 nm SO, film on Si,
using A =532 nm, and 8; = 8, = 68°. The curves repre-
sent the theory in four different limits. The theory @

1 predictsP = 1.

FIG. 2 Cross-interface roughness parametgrs,gndC,
extracted from the measurements using532 nm and

6; = 6, =45° 60° and 68°. Symbols represent results
for the (open) 10.3 nm film and (closed) 52 nm film.



PSDs for the 52 nm film measured with A =532 nm.
The results for the 10.3 nm film are similar on the scale
shown, except that both interfaces are nearly identical.
The curve shown in Fig. 3 shows the results of a calcu-
lation of the scattering from a random distribution of
the two circular pits having their nominal diameters and

SiO,/Air
SiO,/Si
Nominal

1Z,(@)f? (um*)

lqy2m (um™)

FIG. 3 The power spectral density function of each inter-
face of the 52 nm film extracted from the amplitude of
scattering. The curve represents the ideal case of two
randomly-placed circular pits having their nomina di-
ameters. The arrows point to a loca minimum whose
location is different for the two interfaces.

density, and shows structure resulting from two Airy
diffraction patterns. The imperfect match between the
experimentally measured PSDs and the nominal curve
may be combined results from the lithography process
that produced the structure (causing the actual diame-
ters of the pits to differ from their nominal values), their
pseudorandom distribution on the surface (one of each
diameter, non-overlapping, per 5 um x 5 um sguare on
the surface), and the film growth process. Aside from
the smoothly varying differences between the two inter-
faces, the data in Fig. 3 aso show a shift in a local
minimum near 2.7 pm™*, which is near the fourth zero
of the diffraction from the 1.76 um pits and the third
zero from the 1.31 um pits. Other small shifts can be
observed as derivative-like features in Fig.2 near
0.7 um™ and 1.4 pm™. These shifts are a result of the
pitsin the buried interface having a larger diameter than
those of the exposed interface. The presence of this
shift suggests that the response function x(q) is a func-
tion of the interfacial roughnesses Z,(q), so that a linear
response theory® would not completely describe the
smoothening process.

5. DISCUSSION

Interfacial smoothening associated with the growth
of SIO, has been measured in the past, using atomic

force microscopy (AFM) and destructive removal of the
oxide,>** by spectroscopic ellipsometry, *® and by x-
ray scattering.>™> While AFM probes length scales
much shorter than those presented in this work, it can-
not measure the degree of correlation between the inter-
faces and cannot discern the level of relative roughness
variation obtainable by the light scattering €llipsometry
method. The spectroscopic ellipsometry measurements
are only sensitive to interfacial widths, which are af-
fected by roughness as well as the suboxide transition
region. The x-ray measurements were performed in a
manner which is also sensitive only to the interfacial
width. The results of the AFM and x-ray studies, how-
ever, qualitatively agree with those presented here: the
buried interface is smoother than the top interface, and
the smoothness of the buried interface increases with
thicker layers.

The ability to remove the background light scatter-
ing signal from a rough dielectric layer is determined
by the degree of conformity between the two interfaces.

It can be seen from Fig. 1 that for the 52 nm film, if the
interfaces were randomly correlated, the degree of po-
larization would have a minimum of approximately
66% in the geometry shown. Detectors placed at that
mimimum, having polarizers aligned to maximally re-
duce the signal would only reduce the light scattering
background by 66%. Due to the approximately d° de-
pendence on particle diameter of a particle’s scattering
cross section, the reduction in minimal detectable parti-
cle size would only be improved by about 7%.

In general, however, the case of uncorrelated but
equal roughness is not likely to occur, and it is difficult
to evaluate the discrimination that one would obtain
without prior knowledge of the representative behaviors
of the roughness PSDs for both interfaces. Furthermore,
the scattering polarization depends upon the thickness
of the dielectric film. Tools employing polarization
analysis, therefore, must be able to adaptively change
their polarization sensitivity depending upon the par-
ticular sample conditions encountered. Only in this way
will such instruments find full versatility for detecting
defects on silicon wafers with deposited dielectric
films.

Roughness-blind operation can always be attained
for a single interface of a dielectric stack. Light scat-
tered by a single rough interface is always polarized,
provided the film thicknesses remain constant. If a film
is grown on a rough silicon surface followed by chemi-
cal-mechanical planarization (CMP), the quality of the
polishing can be inspected.

6. SUMMARY

In this article, we have presented an ellipsometric
scattering measurement for a dielectric film. The results
demonstrate that these measurements permit a simulta-



neous measurement of the roughness of two interfaces
and the correlation between the two interfaces, without
requiring contact with the sample. This technique
should prove valuable for studying the growth or depo-
sition morphology for a variety of transparent films on
surfaces.
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